Ultrafast optical microscopy (UOM) combines a typical optical microscope and femtosecond (fs) lasers that produce high intensity, ultrashort pulses at high repetition rates over a broad wavelength range. This enables us new types of imaging modalities, including scanning optical pump-probe microscopy, which varies the pump and probe positions relatively on the sample and ultrafast optical wide field microscopy, which is capable of rapidly acquiring wide field images at different time delays, that is measurable nearly any sample in a non-contact manner with high spatial and temporal resolution simultaneously. We directly tracked carriers in space and time throughout a NW by varying the focused position of a strong optical "pump" pulse along the Si core-shell nanowires (NWs) axis while probing the resulting changes in carrier density with a weaker "probe" pulse at one end of the NW. The resulting time-dependent dynamics reveals the influence of oxide layer encapsulation on surface state passivation in core-shell NWs, as well as the presence of strong acoustic phonon oscillations, observed here for the first time in single NWs. Time-resolved wide field images of the photoinduced changes in transmission for a patterned semiconductor thin film and a single silicon nanowire after optical excitation are also captured in real time using a two dimensional smart pixel array detector. Our experiments enable us to extract several fundamental parameters in these samples, including the diffusion current, surface recombination velocity, diffusion coefficients, and diffusion velocities, without the influence of contacts.
INTRODUCTION
Silicon nanowires (SiNWs) have attracted much attention because of their great potential for nanophotonic and nanoelectronic applications [1] [2] [3] . However, to fully realize this promise, an understanding of non-equilibrium carrier dynamics in these quasi-one-dimensional systems, especially on an ultrashort time scale, is critical. There remains a lack of basic understanding on how light interacts with individual NWs on an ultrashort time scale. To date, inhomogeneities in NW ensembles have made it difficult to unambiguously extract their underlying physics. To study optical property of NW purely without any complication from the broad size and alignment distribution in nanowire ensembles, we isolate the NW directly and measure ultrafast carrier dynamics on single NW using UOM. Time-and space-resolved measurements demonstrate the influence of surface-mediated mechanisms on carrier dynamics in a single heterostructured NW. The results suggest the possibility of tailoring carrier relaxation in a single nanowire for a desired application. Semiconductor nanowire heterostructures can be grown either axially or radially, where the additional layers typically have different material composition (e.g., Si/Ge NWs) or doping (e.g., p-doped Si/n-doped Si). This has greatly extended NW functionality, leading to energy harvesting system [4] and NW LEDs [5, 6] . For instance, Si NW arrays with radial p-n junctions are explored for photovoltaic applications [4] , which allow high solar-energy-conversion efficiencies by radial collection geometry. To achieve competitive conversion efficiencies, it's essential to find optimal size of NWs and characterize radial junction properties for efficient carrier collection. From a more applied perspective, interest in NWbased solar cells has increased due to their ability to separate electron-hole pairs through the intrinsic band alignment of a Ge core/Si shell structure [7] . Their viability, however, will depend on the speed of both charge separation across the core/shell interface and limiting interface recombination. On the one hand, enhanced thermoelectric performance reported by using various NW size and impurity doping levels [8] and rough Si NW array to greatly reduce thermal conductivity without much affecting the thermoelectric power and electrical resistivity [9] . In these heterostructured NWs designed for thermoelectric applications, the figure of merit, ZT, is proportional to the electrical conductivity, which is affected by the interface properties. The examples in application above underline the importance of understanding charge transport through separate layers and across interfaces in NW heterostructures. Heterostructured semiconductor nanowires (NWs) have been demonstrated as promising functional units for photovoltaics, in which charge separation is achieved through radial heterostructuring, and NW-based transistors, in which axially heterostructured NWs can be used as the operating p-n junction, due to their unique electrical and optical properties. The interfaces between different layers in NW heterostructures strongly influence their properties and in turn device performance. However, a basic understanding of how these interfaces affect charge transport is lacking, as previous studies have provided little information due to their technical limitations. Here we use ultrafast optical microscopy (UOM) to measure carrier dynamics and charge transport velocities in single NW heterostructures with high temporal and spatial resolution in a non-contact, non-invasive manner. Our implementation of UOM is based on the well-known technique of optical pump-probe spectroscopy, which uses an intense femtosecond "pump" pulse to excite carriers into a non-equilibrium state [10] . The resulting dynamics can be measured by observing the pump-induced changes in the transmission or reflection (ΔT/T) of a weaker "probe" pulse as a function of the time delay, t, between the two pulses. Since there is no external electric field across the semiconductor in our experimental configuration, diffusion takes place due to the change in concentration of the carrier particles. Then charge carriers would move from a place of higher concentration to a place of lower concentration, hence the flow of holes and electrons produces a flow of current, so called the diffusion current. The flow of carriers can be detected by a weaker 'probe' pulse at a given position as a function of a time delay and separate space between two pulses, once the direction of the diffusion current is determined by the change in the carrier concentrations. Therefore, by measuring the time-resolved photoinduced change in transmission (ΔT/T) at a specific position and varying the relative pump and probe positions, we can measure the carrier relaxation and track carrier diffusion current along the NW in ultrashort time scale. A striking difference was observed in carrier dynamics and diffusion current for Si NWs with or without SiO 2 , due to carrier trapping in unpassivated surface states. The observation of different diffusion velocity will reveal the role of oxide layer encapsulating in SiNWs, which will impact their use in highly efficient solar cell, tunnel FETs, and NW based LEDs. Furthermore we also observed strong acoustic phonon oscillations in both Si and Si/SiO 2 NWs independent of the probe position, which has not been measured in single SiNW system to our knowledge.
EXPERIMENTAL SETUP FOR ULTRAFAST OPTICAL MICROSCOPY
Our UOM system and a conceptual illustration of UOM with spatially overlapped and separated pump and probe beams, respectively, are shown in Figures 1(a) , (b), and (c). A femtosecond Ti:sapphire laser oscillator centered at 840 nm is divided into pump and probe beams, with the probe power < 10% of the pump power. The pump beam is then frequencydoubled in a BBO crystal to generate femtosecond pulses at 420 nm. Our initial experiments, focusing on polarizationdependent dynamics, imaged the sample position as well as the pump (~25 μm diameter) and probe (~20 μm diameter) spots onto a CCD camera though a 50X microscope objective lens at the back side of the sample ( Fig. 1(a) ) [11] . Real time monitoring of both focused spots of pump and probe allows us to control their positions on the NW. These experiments used vapor-liquid-solid (VLS) grown SiNWs that were dry transferred onto a sapphire substrate with diameters of d = 50~240 nm, and lengths of l ~ 80 μm. Subsequently, to measure carrier diffusion, we used a 20X objective to focus the pump and probe beams to 5 μm and 2 μm spots, respectively, and slightly tilted the pump beam to spatially overlap or separate the two spots along the NW (Fig. 1(c) ); this enabled us to measure carrier dynamics and track charge carriers as they propagate along the NW axis [12] . The carrier diffusion experiments used Si and Si/SiO 2 core/shell NWs fabricated by a combination of e-beam lithography and Si deep reactive ion etching, followed by thermal oxidation and stripping steps to form pristine NW surfaces, which were then transferred onto a transparent sapphire substrate. 
POLARIZATION DEPENDENCE OF CARRIER DYNAMICS IN SINGLE SI NWS
Polarization sensitive pump-probe excitation and detection reveal the different magnitude of the photoinduced change in ensemble NWs for the four different sets of pump and probe polarization (Fig. 2(a) ), without anisotropy in relaxation time ( Fig. 2(a), inset) . Meanwhile, the first observed ultrafast dynamics in single Si NW provides much faster decay constant in comparison with bulk Si and ensemble NWs (Fig. 2(b) ). Furthermore, in stark contrast to ensemble NWs, there is a clear anisotropy in the ultrafast dynamics measured at parallel and perpendicular polarization to the long axis of a single nanowire as shown in Fig 2(c) respectively, which is caused by different carrier absorption. The comparison of ultrafast dynamics between ensemble and single nanowires provides great insight into the influence of incident light polarization on different absorption and interaction mechanisms. The observed anisotropy in single NWs could enable advanced applications, such as optical switching and polarization sensitive photo detection, on the nanoscale, where directional control and high spatial resolution are much desired.
MAPPING CARRIER DIFFUSION IN SINGLE SILICON CORE-SHELL NANOWIRES
Subsequently, UOM experiments with spatially separated pump and probe beams were performed on a single Si NW with and without a SiO 2 shell layer ( Fig. 3(a) and (b) ). Since our single Si NWs have very small variation on their diameter from one side to another side (less than 10 nm) and perfectly crystalline, those can be excellent 1-D systems to investigate the diffusion of charge carriers along the NW axis. With the probe fixed on one end of the NW, we varied the pump-probe separation from 0 to 5 μm. This revealed strongly position-dependent carrier dynamics due to carrier diffusion. The magnitude of the ΔT/T signal from the core/shell Si NW is about twice that of the bare Si NW, and the decay time is slower in the core/shell NW (~121 ps) than in the bare Si NW (~90 ps). This can be explained by the fact that surface passivation by SiO 2 reduces the surface trap density as well as the surface recombination velocity. These experiments thus reveal a significant influence of SiO 2 passivation on the carrier dynamics, while demonstrating our ability to track carrier diffusion through a single NW. The rising time increases as pump-probe separation increases for bare Si NW and Si/SiO 2 NW, revealing strong acoustic oscillations for both cases (Fig. 3(a) and (b) ). The difference in carrier diffusion between the two NWs can be dramatically visualized in the insets, which show plots of the normalized ΔT/T signal as a function of pump-probe separation and delay time. The slope of the maximum ΔT/T signal, with accompanying acoustic phonon oscillations, denotes carrier diffusion velocity directly.
While the pump induces a carrier density at the one end of NW above the bandgap (Δn pump ), the probe observes a carrier density above that of equilibrium (Δn probe ) in absence of applied external field. The carriers will diffuse from the pump position (x pump ) to the probe position (x probe ) and then we can track the transient diffusion current in terms of the probe position. Especially the diffusion current for electrons, J n , can be expressed as [13] :
Since the measured ΔT/T value is proportional to Δn probe /n probe , larger ΔT/T value for Si/SiO 2 NW reflects higher Δn probe as compared to the core SiNW. Therefore the higher concentration gradient, dn, in the Si core is extracted than that in the Si/SiO 2 core shell, since Δn pump should be same for both NWs and diffusion coefficient D n is also constant, leading higher diffusion current for the SiNW core. Time dependent concentration gradient, dn/dt, is also larger in the SiNW core than Si/SiO 2 core shell, which describe faster diffusion velocity in the obtained experimental results. The diffusion velocity for the SiNW core only, extracted by measuring the pump-probe separation and the rise time of the ΔT/T signal is ~ 5x10 6 cm/s, while the diffusion velocity for the Si/SiO 2 core/shell is ~ 2x10 6 cm/s (Fig. 3(c) ). The difference in diffusion velocity shows a deep insight of the role of SiO 2 layer in passivation mechanism. By measuring the carrier dynamics in terms of the pump-probe separation, the carrier diffusions along the Si only and SiO 2 encapsulated SiNW are verified upon the experimental observations for the first time without applying external voltage and so on. We directly measured the carrier diffusion and observed acoustic phonon oscillations in Si and Si/SiO 2 NWs by tracking carriers through space and time after femtosecond photoexcitation in non contact manner. This research has potential application to NW-based devices, optoelectronics, and sensitive photodetection by combining measurements at both nanometer distance and femtosecond time scales to reveal the intrinsic properties of these quasione-dimensional nanosystems. Finally, this UOM experiment will be appropriate to further investigations of radially and axially NW heterostructures for the photovoltaic and thermoelectric devices. (Fig. 3(a) and 3(b) ).
CONCLUSION
In conclusion, ultrafast optical microscopy opens new pathways for directly studying carrier dynamics and charge carrier diffusion in quasi-1D nanosystems. We directly measured polarization-dependent carrier dynamics and diffusion in Si and Si/SiO 2 NWs for the first time by tracking carriers through space and time after femtosecond photoexcitation. This research therefore has potential application to NW-based devices and optoelectronics by combining measurements at both micrometer distance and femtosecond time scales to reveal the intrinsic properties of these quasi-one-dimensional nanosystems.
